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SEN03 I Electron Transfer between Glucose Oxidase and Electrodes via
t0 Redox Mediators Bound with Flexible Chains to thte Enzyme

ADR03 19 Surface
AUT03 Wolfgang Schuhunflun,*I Trinothy J. Olmara, 1 lians-LuAdwig Schmidt,t and Adam Heller t

AAS03 I Contibution frout the Veparlinent of Chernical Engineering, The Universiti- of Texas. Austin.
14 Texas 78712-10062. and Le/rstuhltJir Allgs'inine Chentie timd Riochemnie. Technajsclte Universi, ist
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ABS03
SENSo i Abstract: lctrical communication between rcdox centers or glucose oxidase and vitreous carbon electrodes is established
SEN06 In through binding to oligesaccharides. at the periphery of the enzyme. fcrrocene functions pendant on flexible chains. Communication
SENO9 3 is effectie when the chains arc long (> 10 bonds). but not when the chain.% arc short (<5 bonds). When attached to long

6 flexible chains, the peripherally bound relays penetrate thie enzyoe to a sufficient depth to reduce [ie cleclront-transfer distances
24 between a redos center of the enzyme and tlte relay attd between thie relay and tlie electrode, thereby increasing the rate of

5 46 electron transfer.
SiXI 03 4

SEN03) t Introdtion
PAR03
SEN03It The redo: centers of many enzymes are electrically ittsulatcd

iti by thick protein or glycoprotein shells, preventing direct electrical
SErN06 20 Comtmunication betweecn the centers and electrodes!" The rate FNT 1

4 of electron transfer'between a redox center of an enzxyme attd alin v&
is electrode is controlled by (a) the distance between the rcdmss center

27 and the electrode. (b) Ithe potential difference betweetn the redo:
37 center and the electrode, and (c) the reorganization energy as-

SEN09 46 sociated with the electron transfer.2 For enzynmes such an glucose FNT 2
ioxidlane. with buried redo: centers, diffusing redox mediators

is including 02/1 f2O22 and ferrocene/ferricinions derivatives' have FNT 3. FNT 4
21 been used to shuttle electrons between enzynte redox center and

SENIS 3t electrodes. Leakage of ferrocene/ferricinium tmediators frotel
SENt5 7 thin-Film enzyme electrodes leads to their deterioration.7  

ekg FNT 5
3 can be avoided through the use of soluble diffusing high nmolecular
14 weigt rcdox mediators. such as ferrocenec-derivatized bovine nerum/

72 albuniin6 and ferroccne bound to igh molecular weigth( poly- FNT 6
3o (ethylene glycol)' that can be conifled within menmbranes having 1. i{4 FNT 7 OM
39 sufficiently small pores.

PAR"e
SEN03 t Direct. i.e., not diffusionally mediated, electrical commsunication

9between a buried redo: center of an enzyme and an electrode can 7 _0
Vt be achieved through insoluble, electrode-attached redo: polymers
2t thtat penetrate the enzyme sufficiently deeply ror electron cx-

sENo6 36 change.' Tltis route provides the significant advantage tf elinn- FNT 8
m iating tlte need for nmembrane containing the soluble ttsacro-

SE-W 17 molecular medciator. Yet another way to establish direct electrical
9 communication between a buried redo: center of an enzyme and

t, an electrode is through covalently binding to the protein of the
SENta 30. enzyme (well below its "periphsery") electron relays.' For example. FNT 9

4 viswith glucose oxidlase. a rather rigid glycoprotein willh two identical v
14 polypeptide chains and a hydrodynamic radius of -50 A. the

Ir 24 distances involved in electron transfer between the active sites; and
34 the electrode arc shortened upon binding 12 or miore ferrocene-
43 carboxylic acid Functions. through amide linkn, to tlte enzynme.

SEtNIS Replacement of ferrocenecarboxylle acid by ferroceneacetic acid
9 or ferrocenebutanoic acid enhances the kineis of electron

SSNIls I? trantfer.sni In the preparation of materials for affinity chro-
o mtography. redon-active apecies of enzymes, such as NAt)D/

t: NADII. are bound tosupports with long and flexible spacer chains.
SEND2 t Such chains facilitate scem or the active species to thteir specific

>is binding aiteatO0 FNT 10
PARe"
551403 i We report here the modification of glucose oxidase by covalently

t2 binding ofr errocene derivatives, via spacer chains of different
SE1W 3t lengths, to sugar residues on Its outer surface. We show that the

6 length of the spacer chain has a crucial influence on Ite dee.-
1i trooxidation of the enzyme, i.e.. on electron transfer front the
as reduced active site of the enzymelvla the spxtccr chtain attached -

SEWC 10 ferrocencsto electrodes. This proces is rapid only when thve spatcer -
to chain is sufficiently long to allow the ferrocene to penetrate the
at enzyme sufficiently to approach the redo: center.

PAR13
semi0 I Cluneab, Gluscose onlda type X (fiC 113 from Aajtegthis
SUMe 10 intger, 128 units nsg'). sodlum m-perlodate, sodium boron hytlrlde. 3.

9t nsethyl.2-benzoshleatfonons hydrasone hydrochloride (MOTII1), 1,2.
23 ethylenedlamlne. 1.3.diansloopo m, Ldathwolexane. t,R8shlamino.

N octane. ll.d"iamlade m. and diltylenetlamitt were psechami frnto
33Sigma; ferroene carboxaldehyde (98%) was obtained fronm Aldrich.

5SEW0 I (AmInoethyl)fezrowea was synthsized according to liternture" and FNT I I -

SEPI12 9 ltreclithted as the chloride salt. All other chemlels were or the bestj

-

NoOeRn 

"Ba
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PARIZ
SENIS 9 available grade and used without further purification. Unless otherwise

4 noted, all experiments were performied at room temperature in a standard
IS aqueous bulfet solution containing 1oo mNI phosphate andI 200 mM

PRS25 NaCI at pit 7.2.

SEN03 I Electrodes and Equipment. Electrochemicasl measurements were per-
SEN06 S fornmed with an EG&G Princeton Applied Research 175 universal pro-

14 grammera Model 173 potentioxtl. and a Model 179 digital coslometer.
SEN09 t The signal was recorded on a Kipp snd Zones Y-Y-Y' recorder. Glassy
SEN12 3 carbon rods (Sigradur. 3-mm diameter) sealed with epoxy resin into glass

14 were polished prior to use on a polishing cloth sequentially witlluina
26 oftdecreasing particle sire (1. 0.3. 0.5 pm), sorsicnted. rinsed witlh distilled

SENtS 31 water. and then dried is air. A single-compontment electrochesmical cell
6 was used with an aqueous KCI/sstursted ealonrel (SCE) reference

SENJI 1IS electrode and a platinum counter electrode. All potentials are referred

PRA6 to this reference electrode (+244 mV vs N1IE).

SEN03 I SynthesIs of Fereene tlerivallses. The ferrocene derivatives %iih
SEN09 a different spacer lengths were synthesized an shows in Figure 1. A 4-fold FIG 1 (006,15-16)

4escess of the appropriate diamine was healed in 100 mLof DMF to I00
It OC. and 3o00mg offerrocenecarhoadehyde dis.solved in 50 mi. of l)MI
30 was added dropwise within I ht to prevent formsation of the bridged

SEN12 42 diferroeene compound. After another hoar an excess of ssrliuar hbro.
9 hydride is waler was dropped into the solution, and the reaction mixture

SENIS 21 was stirred for an additional hour at room temperature. Thre solvent
4 mixture was rotavaporated to dryness and the residue extracted with

14 diehtoromethane and separated through a silica column (1.5 cm Xt 30
SEN18 25 cm). A first fraction-the bridged diferrocene-waq eluterl with di-

9 etrloromethine, the i-n fraction with dichloromelthane/mctranol 10:1.
SENZI I The solvent was evaporated to dryness, the residue dissolved in dietiryl

IS ether, and the hydrochloride precipitated by bubbling gaseous hydr.
SEN24 21 chloric acid through the solution. All compounds show thle espected 'it

PA 9 NMR spectra.

SEN03 I Preparation of Ferrocene-Modiflod Glucose Osldese. The oxidation
SEN06 4 or tihe enzyme-hound sugar residues was performed with sodium mi-
SEN09 13 periodate according to established procedures.2  The ferrocenes were FINT 12

3 attached to the aldehyde groupa formed thus on the outer enzyme surface
17 via Schiff hases, which were red-red with sodium borohydride subse-

SENI2 26 quently (Figure 2). The modified enzyme was isolated from tow uso- FIG 2 (009,28-29)
v tecular weight compounds and desalted by gel chromatography (Seplsa-

SENt) 17 des G25 equilibrated with water; column 2.5 cm x 20 cm). The volume
4 was reduced by means of ultrafiltration through a membrane (Amicon

SEI4IS 14 PM30. MWCO 30000). and the modified enzyme was freere-dried. To
3Verify that the unreacted ferrocenes were not electrostaiicalty bound tn

IS the enzyme, the freeze-dried product was redimsolved and exsracsed with
23 copious amounts of a solution containing 0.1 M phosphate and 0.1 M

SEN21 25 NaCI at pit 7.1 in an ulitriltration cell. After refreeze-drtying. thre
3electrochemical characteristics of the mortified enzyme were unchanged,

SEN24 13 confirming the absence of noneovalently bound ferrocenes. lernrina-
2 lion of the amount of aldehyde groups at the enzynse surface was per-

SEP52? I4 formed by a procedure of Sawicki et al.'3 The activity attire tynpiiird FNT 13
7 enzymes was determined spectrophotometrically by tire o-dianisidine/

SENJO 13 peroxidase assay."4  The labeling of the enzyme with ferrocenes was FNT 14
T to 1 evaluated by atomic absorption spectroscopy and by coalomelry.

SENoj I Resmlls and Dislgs
PANid
sa"0o Synthesis of Ferrecte-.Abeled Glucose Oxtidse. Glucose
SENOS 3 sxiax (EC 11.3A from Aspeigflts niger) is a dimer glyctiroein
SENot i with a molecular mass of 186000 daltons. The oligosaccha ride

4 chains, which form a hydrophilic periphery, represent - 125. of
SENs) 13 its weight. Oxidation of these with pcriodrrte" htis been used to

isi provide peripheral aldehyde groups for the immgsobilization of
it glycoenzymcs to polymeric supports" or- to electrode nsrfaces1 FNT 15, FNT 16

SENi IS Antalogoussly. we have now applied this method to bind ferrocene
-s deiaie with difrnspcrlgtso the sur face of glucose

9 iaedwt espect to the number of aldehyde functions obtained
sam4s it and the decreas of enzymatic activity daring the reaction. Ax

j expected, the aldehyde concenitrations increased when the reaction -
sENmd it tes were longer and (he enzymtic activity decreased. Optimal

j results were obtained at a relton time of I hl and a periodate
SE52? as concenstration or>20 mM, the ondtions oroureperimenrts. The

jnussbter or aldehyd groups, introduced upon oxidation wills 20
is mM sodium periodate. was determined apectropltotometricnlly
is after its feactioni with ).mothyl--betohlblazolinone hydrarone

saver se hydrochloride, followrings proeeu or SawickI 41 al."t Assnming
s that the extinetion coeffienit reported for the hydrazones or

is ablels formted fromt matilltot (4 a 9Sf100 L met" cm'1) is
is alilar to that of the hydreses or the oxiid enzyme, we

811, J4 OJI6e6.4W&IrehdeseMN peWrRN 0nays 1 noeu 10 However, FNT 17
s beeamee polymoelitriindo notl raw et completely as mono.
it saichaldin with this hydroma andl because the extinction
it ceolliclet for the alldfrdeh)4w d Nal manitol Is igher than

soxs x that ofaother sellers. thistknate my5 be low. The ranctionauttd
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4 enzyme used ror the covalent binding or thsc different ferroccne
PA271 compounds showed an activity of 66 units mg-

1.

SIENDS3 As the rate of electron transfer decays exponentially with thc
12 distance of the involved redox cctr. infcI uneo
22 the spacer length between enzyme surac an r on the
)2 electron- transfer properties of the modified en~ymc in queIstiont

SENsE 40 was expected. To evaluate the effect of chain length on the
ItI effctiveness of electron transfcr to electrodes. we prepared the
2o series of rerrocenec-dcrivati.el enzymncs shown in fable I (col- Tl. 1 (006,27-28)

sm"ioas pounds 1-7). The amino-functionalized ferrocene dcrivativcs have
7been synthecsized through the reaction sequence shown in Figure

SEN12 16 1 and purified by column chromatography. Followinig 104- ox-
4idation of the oligosaseeharide residues on the enzyme. thke resulting

14 aldeltyde groups were reacted with ferroccne amities, to formn
sr.NI 53 2 Schiff bases. These were reduced witht Natttt1, to the %econdlary
SENIS t0 arnines (Figure 2). Blinding oramino spacer modified ferrocene

9 dcri-4atises to the surface of the functionalized gluesc oxidasc
7i did not lead to a further decrease of enzymatic activity (see Table

PAR3 I9).

SENDS I Elctlrochemical Investigations of Ferrocene-Niodified Glucose
SEN06 7 Oxidase. The renults or the electrochemical measurements are
SENog 9 summarized in Figure 3 ar.t Table 1. The cyclic volttnograms FIG 3 (006,12-13)

sshown in Figure 3 were run at 2 mg inL-1 concentration of the
is ferrocene-modirsed enzymes 1-7 in 0. 1 M phosphate buffer (p11I

sENtz v7 7.2). The three-electrode celli; were equipped with a glassy carbon
ii (3-mm diameter) working elctrode, a platinunt wire counter
ig electrode, and a KCI-sisturatcd calotnel reference electrode.

SENIS i Catalase was added to the solutions (200 units imL') to deconmpose
ta any hydrogen peroxide that might be formed in the presence of

SENts z4 residual oxygen. Curve I of Figure 3 shows the cyclic voltans-
to mogramsi;of a solution ofecompound I in butfer (a) withtout glucose

sENit at and (b) with 40 mM glucose. Curves 2 and 3 show the cyclic
s oltattsmograms observed under identics: conditions for comtpounds

sttNim is 2 and 4. respectively. The limiting currernts. normalized for the
I aniount of attached ferrocene., increase with chain length (Table

SEN27 17 I). Notable enhtancement of the catalytic current is observed in
tt compound 7, where i = 6.5 pA ctecret est ece
za 90 pA cm-2.A ~~h urn est ece

PAR33
SEN03 Electrosi-Trasrer Model. A peripherally attached redox me-
SINGE6 6 diator nsay accept electrons through either an intramolecular or

is an intermolecular process (Figure 4), acting in the latter as a FIG 4 (006,19-20)
SENDS 26 conventional diffusing mediator. For example, mediation by
SENtS a ferrocene-modiried albumin has been reported.6 The dominance

4 of the intransolecular electron-transfer process in the case of
is enzymes with long chains was establiahed through the following

SENIS 22 experiment. Enzymes I and 4 were partially deactivated by 6 M
i2 urea (4 h, 251),*" then separated from the urea by get-per-

SENIS 2) ncation chromisgraphy. Their catalytic currents jP(Table 11) Trill. 11 (018, 7- 8)
weet eard at an enz.yme concenstration of I nmg ml- undecr

SE 1tt conditlions *identical with those for 4,, in Table I. 1Then I itg nml.t
s native glucose osidase was added, and the catalytic current (P'.,

SEN14 1# Table 11) waa determined. If the process were entirely inter-
i molecular.,l'", would have been equal to or greater than i,,. es g p
is because the concentration of the cectiron-transfer mediator is
26 unchanged and both the concentration and relative catalytic nc-
34 tivlty of thec enzyme are increased (ntie in Table I that I and 4 DflC TAB Qa5 retais, respectively, 0.27 and 0.45 or the native enzyme's activity). ua olia

SINS? i If the process were entirely Intramolecular, addition of native Justiftotio 0
iti enzyme would rsot have changed the catalytic current seen with

SENJO -at the deactivated enzyme (i~m. Table 11). measurement of the
scatalytic current in the presence of deactivated I and 4 with native 3

;Is enzyme added shows that In the mae or 1. where time ehain is ehori.
j t he current approaches, 1,m for the enzryme prior to deactivation. D11rb~in

4m I.e.. that lte proem of eleoctron tranafer either has a substantial Avalablity Cod.,
sIS)j s Internmolecular component or Is entirely Intermolecular. For

jcompound 4. made with long chains /"Co,. the current observed Avail or
ii with the partially deactivated enzyme pius native enzymse (470 Dit 8peocial
is nA). remains much below the 2110-nA catalytic entreat of the
is enzyme prior to its partial deactivation and is only marginally
41 hislajer than the 390-nA eart of t10 prtIally deactvatd en71yme4

36543 s, ('TobI 11). This Indcats thlat wheo the spacer chain Is loft the
5654 )a P .t'oesis dan oialy Intrsmisesular. We thuss conclude that the

I incresse itn catalytic arewt wit knowas In chain lengh (Table

itIad Nae3re nlin N Iitlclfeeto

si ___vat oae o h hl-alcii
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FNNII
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110 H
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F H H

CAPOO I Flguwe I. Synthesis of ferrocene amine with spacer chains Fat4W separatiuo ox and amine functions.
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H H Fe
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-e HH
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H Ii Fe
F re I H
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CAMI ! llism PrIporatim of gliscoe itoot mdifie by peripherally bound ferfaetoo.
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CAPOO I Figur3. Effect or the chain length connecting peripherally hound rerrocene to glacose oxidase on the electrocatallytic glucose oxidation current. Curves
CAP09 ) a represent oxidation currents in the absence of glucose; curves b represent currcnts af 40 mM glucose. All solutions contain 2 mg mL-' of one or the

12 modified enzymes, 0.1 M phosphate buffer (pit 7.2). and 200 unitu/rnl.' catalase; 3-min-dameter glassy carbon disks; all potentials vs SCE; scan
3S rate 10 mV s'.
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UNIT NO. 244 901207
Gal. 7 JAICISNI JA9(l505 V 113 1003

ITL20 Table 1. Effect of the Spacer Chain Length on the Catalytic Current of I.erroeene.modified Glucose Oxidase

I100 ret enzyme
n0. compound bonds i-*.' nA Ilii i,./FCLx acliy 1OZl,

ROW." I IsC~rI.C~~rIIr' 1 200o 1,.%A: 0.20 4100 * 160 0.27
R01W60 2 Fr7CIl-N II1-(Cl )r-NII.CI I..lc 8I 1010 1.00 * 0. 10 1010 * 100 0.38
ROW70 3 rnz-CIlrNII.(CIIr),.NII.Clrrc 11 1190 1.00+ 0.10 1190* 120 0.45
ROW98 4 Fiir-CIlrNII.(CIlr)r-NIt.CII,.rc 13 2800 1.00 * 0. 10 2800+ 280 0.41
ROW" S En.IrI.(I5mNl.~re I 2680) 1.00 k 0. 10 2680 k 270 0.49
ROW100 6 I~nz.CI ITNII.(CII 2)1.Fc 5 460 0.75 A 0.25 (M00k 200) 0.33
ROWIIO 7 Enz.Cllr.Nl.(ICI~.ll,) IIrClrFc 10 3200 1.00 k 0. 10 3200k& 320 0.36

FNT12O 'Catalytic glucose oxidation current on 3-mm-dianieler glassy Carbon electrodes at 0.3S V (SCE). bCoulonvetticitty determined relative number
of ferrocenex per enzyme. I Itydrogen peroxide rate of formation, measured relative to the native glucose oxidase rate.

AI000 INITIAL TABLE WIDTH IS DOUBLE COLUMN

*ffL20 Table It. Catalytic Current of Partially Deactivated
Ferrocente-Modilied Enzynmes

I1D840 "
P., (deacliv +

1
r. (deactis).6 native enz).,

no. compound bonds nA nA nA
Rowse I Ent-CIr~NI1 7 200 120 170

(CI 12),-NI I.C111.Fc
ROW60 4 Enz.C~lNtl- 13 2800 350 410

(CIl,),-NhI Cit Fe

FN'T70 'Catalytic current ror modified enzyme from Table 1. 'Catlytic
current for medified, thea partially deactivated enzyme._ rCataltic
current of (b) after ado. ion of an equal amount (I mg nil:. of native
glucose oxidose.

AID99 INITIAL TABLE WbDTHI IS SINGLE COLUMN
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